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ABSTRACT
Loop–loop tertiary interactions play a key role in the
folding and catalytic activity of natural hammerhead
ribozymes. Using a combination of NMR spectros-
copy, site-directed mutagenesis and kinetic and
infectivity analyses, we have examined the structure
and function of loops 1 and 2 of the (+) and (–) ham-
merheads of chrysanthemum chlorotic mottle viroid
RNA. In both hammerheads, loop 1 is a heptanu-
cleotide hairpin loop containing an exposed U at
its 5’ side and an extrahelical U at its 3’-side critical
for the catalytic activity of the ribozyme in vitro and
for viroid infectivity in vivo, whereas loop 2 has a key
opened A at its 3’-side. These structural features
promote a specific loop–loop interaction motif
across the major groove. The essential features of
this tertiary structure element, base pairing between
the 5’ U of loop 1 and the 3’ A of loop 2, and inter-
action of the extrahelical pyrimidine of loop 1 with
loop 2, are likely shared by a significant fraction of
natural hammerheads.
INTRODUCTION
Hammerhead ribozymes are small catalytic RNAs ﬁrst
discovered in viroids and satellite RNAs, where they medi-
ate processing of the multimeric strands generated during
replication (1,2), and more recently identiﬁed in tran-
scripts of the genomes of certain animal and plant species
(3,4–6). They catalyze speciﬁc self-cleavage of the RNA
backbone via a transesteriﬁcation reaction that releases
50 hydroxyl and 20,30-cyclic phosphodiester termini.
Hammerheads have potential therapeutic interest as cata-
lytic antisense agents, because they can trans-hybridize to
a complementary target substrate, cleave that substrate,
and bind subsequently to a new target molecule (7). In
this respect, a number of engineered hammerheads are
currently under clinical trials (8,9).
Natural hammerheads are composed of a highly
conserved catalytic core ﬂanked by three stems (helices I
to III) usually capped by short loops (1–3) (Figure 1A).
Interactions between loops 1 and 2 greatly increase the
catalytic activity of the ribozymes (10,11). These tertiary
contacts are distal from the active site but promote the
adoption by the central core of a catalytically active con-
formation, as shown recently by the X-ray structures of
the Schistosoma mansoni (12) and tobacco ring spot virus
satellite RNA (sTRSV) (13) full-length hammerheads.
These structures have reconciled structural and biochem-
ical views on the catalytic mechanism of hammerheads
(14), and have also provided important information on
how the major grooves of loops 1 and 2 contact each
other. However, the sequence and secondary structure of
loops 1 and 2 of natural hammerheads do not appear to
follow common patterns (15) and, in spite of the likely
relevance on therapeutic ribozyme design, a systematic
study of the structure and interactions of loops 1 and 2
in hammerhead ribozymes remains to be carried out.
The present study focuses on the structure and func-
tional impact of the helix I-loop 1 and helix II-loop 2
domains (hereafter called domains I and II for simplicity)
of the hammerheads formed by the (+) and (–) RNAs of
chrysanthemum chlorotic mottle viroid (CChMVd)
(16,17), the infectivity of which can be assessed with a
relatively fast bioassay. In the CChMVd (+) hammer-
head, domains I (I+) and II (II+) most likely interact
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heads (4), whereas in the CChMVd (–) hammerhead,
the hairpin loop of domain I (I-) presumably interacts
with an internal loop of domain II (II-), hereafter referred
to as internal loop 2 of this hammerhead (Figure 1A).
A tertiary contact of this rather unusual class has also
been observed in the Schistosoma hammerhead but with
opposite loop topology, because in this case an internal
loop of domain I interacts with the apical loop of domain
II (12).
   
   
   
    
 
     
   
 
     
         
Figure 1. Primary and secondary structure analysis of the CChMVd (+) and (–) hammerheads. (A) Wild-type hammerheads and secondary structure
of a CChMVd (–) hammerhead with a shortened but functional domain II as revealed by the similar self-cleavage rate-constants. Active site
nucleotides highly or strictly conserved in most natural hammerheads are indicated with a black background. (B) Secondary structures of the
I– and II– (right), and I+ and II+ (left) domains studied by NMR spectroscopy. Additional nucleotides are shown in green. (C) Natural sequence
variability found in CChMVd (+) and (–) hammerheads, indicated within boxes with gray background. Variants labeled with subscript 1 have only
been detected once in the databases. In (A), (B) and (C), the extrahelical U of domain I is shown in red.
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directed mutagenesis, kinetics analysis and infectivity
bioassays, we show that loops 1 of the CChMVd (+)
and (–) hammerheads fold into related three-dimensional
structures, and that the same holds for loops 2 of these
hammerheads. Mutations that disrupt the structures or
change the identity of key nucleotides involved in loop–
loop contacts have a strong eﬀect on both catalytic activ-
ity in vitro and viroid replication in vivo. Mutagenesis data,
together with sequence and structure comparisons with
other hammerheads, indicate that the three-dimensional
structures of loops 1 and 2 are conserved, giving rise
to a tertiary interaction motif embedded within the
loop–loop complexes that is likely shared by a signiﬁcant
fraction of natural hammerheads. Since these loop 1–loop
2 contacts are critical for hammerhead activity under the
low magnesium levels existing in vivo (10,11), the ﬁndings
reported here are expected to contribute to a better under-
standing of the principles underlying hammerhead archi-
tecture and to the rational design of improved ribozymes
of this class.
MATERIALS AND METHODS
Site-directed mutagenesis
PCR-based protocols reported previously (18–20) were
applied to plasmid pCM20 containing a monomeric
insert of CChMVd (16). The resulting plasmids with
the speciﬁc point mutations were used as template
for amplifying their monomeric inserts with adjacent
50-phosphorylated primers, and the PCR products were
gel-puriﬁed and ligated to obtain dimeric head-to-tail
cDNAs that were cloned and sequenced to conﬁrm the
presence of the desired mutations in both units.
Invivo analysis of viroidviability and geneticstability
For each bioassay, which was repeated at least once,
blocks of four chrysanthemum plants (Dendranthema
grandiﬂora Tzvelez, cv. ‘Bonnie Jean’) were mechanically
inoculated with buﬀer (mock-inoculated control) or with
40ng per plant of the monomeric RNAs resulting from
self-cleavage during in vitro transcription of linearized
recombinant plasmids containing dimeric head-to-tail
inserts of the CChMVd 20 variant (wild-type) and the
L1(–).U6 mutants. The primary transcripts and their
self-cleavage products were separated by denaturing
PAGE in 5% gels, and the monomeric CChMVd RNAs
were eluted and quantiﬁed. Infectivity was assessed by
symptom expression and northern-blot hybridization,
and genetic stability by RT-PCR ampliﬁcation, cloning
and sequencing of the resulting progenies (20).
Invitro analysis of catalytic activity
Self-cleavage rate constants were determined as reported
previously (10). The uncleaved primary transcripts corre-
sponding to the CChMVd (+) and (–) hammerheads (and
their mutants), ﬂanked by two Gs in 50 to enhance
transcription and 4–5nt in 30 for proper restriction, were
incubated in 50mM PIPES-NaOH pH 6.5 for 1min at
958C and slowly cooled to 258C for 15min. After taking
a zero-time aliquot, reactions were triggered by adding
MgCl2 to 10mM. Aliquots were removed at time intervals
and quenched with a 5-fold excess of stop solution at 08C,
with the primary transcripts and their cleavage products
being separated by denaturing PAGE in 15% gels.
The product fraction at diﬀerent times Ft was assessed
by quantitative scanning and ﬁtted to the equation
Ft=Fo+F1 (1-e
–kt), where Fo and F1 are the product
fractions at zero time and at the reaction endpoint, respec-
tively, and k is the ﬁrst-order cleavage rate constant (21).
NMR RNA sample preparation
Unlabeled (all),
15N-labeled (domains I  and II ) and
13C/
15N-labeled (domains I  and II+) RNA oligonucleo-
tides encompassing either domain I or II of the CChMVd
(–) and (+) hammerheads (Figure 1B) were prepared by
T7-driven in vitro transcription from oligonucleotide
DNA templates.
15N-labeled and
13C/
15N-labeled NTPs
were prepared from cellular RNA as described (22).
After a puriﬁcation procedure based on gel electrophor-
esis, all samples were microdialyzed in aqueous solutions
containing 10mM sodium phosphate (pH 6.0) and
0.1mM EDTA. The ﬁnal RNA concentration in the
NMR samples ranged from 0.5 to 1.0mM. The I  and
II  samples were also analyzed in the same buﬀer supple-
mented with 5mM MgCl2 to evaluate the eﬀect of Mg
2+
on the structures. The I+ sample was additionally exam-
ined in 0.5mM sodium phosphate (pH 6.0) to reduce for-
mation of a competing duplex.
NMR spectroscopy
NMR spectra were acquired on Bruker 600 and 700MHz
spectrometers, processed with Topspin 1.3 (Bruker
Biospin) and analyzed using Sparky 3.110 (Goddard and
Kneller, University of California, San Francisco). For the
unlabeled samples, spectra recorded in D2O were acquired
at several temperatures (typically 248C and 348C), and
included series of 2D NOESY (mixing times 80, 120
and 250ms), DQF-COSY, TOCSY (60ms), ROESY and
1H-
31P HETCOR experiments. NOESY spectra were also
recorded in H2Oa t8 8C with 150ms mixing time.
The relaxation delay was 2s for all experiments with unla-
beled samples. For the
15N-labeled or
13C/
15N-labeled
domain I ,I I   and II+ samples, 2D
1H-
15N HSQC
and HNN COSY experiments were recorded in H2Oa t
278C to evaluate hydrogen bonding between bases via
two bond N-N couplings. For the
13C/
15N-labeled
domain I  and II+ samples, 2D
1H-
13C HSQC, 3D
13C-edited NOESY-HMQC (100 and 200ms mixing
times), 3D HCCH E-COSY, 2D HCCH-TOCSY,
3D HCP, 2D quantitative HCP, 3D
13C-edited
1H-
31P
HETCOR and 2D quantitative  HCNCH (23) spectra
were acquired at 278Ci nD 2O. Together, these data
allowed for the assignment of all relevant nuclei contained
in these sequences, as well as for the extraction of com-
plete sets of distance and dihedral restraints for structure
calculation.
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Distance constraints were semi-quantitatively estimated
from the 2D NOE intensities at 80, 120 and 250ms
mixing times. Cross-peaks corresponding to covalently
constrained intra-base and intra-sugar distances were
used as a reference for constraint calibration.
Constraints involving ambiguous or overlapped cross-
peaks were obtained from the
13C-edited NOESY-
HMQC spectra at 100 and 200ms mixing times. Based
on the absence of NOE interactions, lower limit distance
constraints were imposed on several proton pairs. With
the exception of hydrogen bonding restraints, all distance
restraints had a minimum width of 1A ˚ . Hydrogen-bond-
ing distance constraints for Watson–Crick A:U, G:C and
G:U (wobble) pairs were introduced based on the obser-
vation of HNN-COSY couplings, and/or patterns of
NOEs and chemical shifts observed in H2O NOESY
experiments. With the exception of the U9:G15 wobble
pair in domain I , no hydrogen bonding restraints were
imposed on loop nucleotides. Sugar conformation was
inferred from the analysis of DQF-COSY, TOCSY and
3D HCCH-E-COSY spectra, and constrained using the
backbone dihedral angle d. Backbone angles b, g and e
were also constrained using a combination of observations
and measurements from 3D HCCH-E-COSY, HCP and
13C-edited
1H-
31P HETCOR, and 2D quantitative HCP
experiments.
Domains I and II+structure calculation
The distance and dihedral constraints speciﬁed above were
then used to determine the three-dimensional structure of
domains I  and II+. 100 (I ) or 60 (II+) structures were
iteratively reﬁned by high-temperature restrained molecu-
lar dynamics using the ﬀ99 force ﬁeld of Amber 8.0 (Case
et al., University of California, San Francisco). We set up
a protocol in which each structure undergoes two simu-
lated annealing stages of 35 and 20ps. In the ﬁrst stage,
the structure is kept at 7000K with covalent, van der
Waals, and restraint terms initially reduced 10 times and
then gradually allowed to return to their standard values
during 10ps. The temperature is then slowly reduced to
1K while the relative weighting of the electrostatic and
hydrogen-bonding terms is progressively increased from
0 to 1. No cut-oﬀ is used for the nonbonded interactions,
and the solvent is mimicked with a distance-dependent
dielectric constant. In the second (reﬁnement) stage, a
Generalized Born model is used to simulate the presence
of solvent. The structure is heated to 600K, slowly cooled
to 1K and minimized. The relative weighting of the con-
straint terms is initially decreased 10 times and then slowly
returned to 1K before cooling. For each reﬁnement
round, the initial structures are disordered, high-tempera-
ture snapshots obtained from the 7000K stage of a pre-
vious iteration. After several reﬁnement rounds, the ﬁnal
sets of 29 I  and 33 II+ converged structures were
selected solely on the basis of total energy and constraint
violation energy, and used to generate the reﬁnement
statistics (Table 1).
CChMVd(+) full-length hammerhead model building
After superimposing NMR structures of CChMVd
domains I  and II+ on domains I and II of the crystal
structure of the Schistosoma hammerhead (12), we
removed the crystallographic domain I and II atoms and
inserted the unpaired A11 nucleotide at the base of stem II
(Figure 1A) in a stacked conformation, using PDB struc-
ture 1GID (24) as a model. After performing the appro-
priate base changes in stem III and domain I to obtain the
CChMVd (+) sequence, the position of the loop 1 and
loop 2 residues was modiﬁed to accomplish the tertiary
interactions revealed by site-directed mutagenesis, taking
care to set backbone dihedral angles to acceptable values
(25). The structure was then progressively energy-
minimized using the ﬀ99 force ﬁeld of Amber 8.0 (Case
et al., University of California, San Francisco) with intra-
and inter-domain base pair hydrogen-bonding restraints,
and a Generalized Born model to mimic solvent eﬀects.
RESULTS AND DISCUSSION
NMRspectroscopy
We have examined by NMR spectroscopy the solution
structure of domains I and II of the CChMVd (+) and
(–) hammerheads (Figures 1 and 2 and Supplementary
Figures S1 and S2): domains I  and II+ were studied
Table 1. Experimental constraints and reﬁnement analysis for domains
I  and II+ of the CChMVd hammerheads
I  II+
Experimental constraints
a
NOE distance constraints 436 (19) 360 (18)
Intraresidue 142 (6) 121 (6)
Interresidue 294 (13) 239 (12)
Hydrogen bonding distance
constraints
23 19
Dihedral constraints 84 (4) 74 (4)
Dihedral constraints (chirality) 92 (4) 80 (4)
Reﬁnement analysis
b
NOE violations >0.25A ˚ 00
Largest NOE violation (A ˚ ) 0.23 0.01 0.13 0.01
Distance constraint violation
energy
c (Kcal mol
 1)
10.96 0.19 3.46 0.24
Dihedral violations >108 00
Largest dihedral violation (8) 9.21 0.06 1.40 1.02
Dihedral constraint violation
energy
d (Kcal mol
 1)
2.48 0.03 0.13 0.10
R.m.s deviation from ideal
bond lengths (A ˚ )
0.01 0.00 0.01 0.00
R.m.s deviation from ideal
bond angles (8)
2.56 0.01 2.49 0.01
Heavy atom pair-wise r.m.s
deviation (A ˚ ):
1.05 0.31 1.02 0.29
Heavy atom r.m.s deviation
from average structure (A ˚ ):
0.74 0.19 0.71 0.20
aAverage number of constraints per residue indicated in parenthesis.
bAverage and standard deviation values obtained from 29 (I ) and 33
(II+) converged structures.
cForce constant K=30Kcal mol
 1A ˚  2.
dForce constant K=90Kcal mol
 1rad
 2.
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Figure 2. NMR spectra of domains I and II of the CChMVd (+) and (–) hammerheads. The assignments of the H2/H6/H8–H10/H5 NOESY
regions (250ms mixing time) are shown for domains I– (A) and II+ (B). Intraresidue H10-H6/H8 cross-peaks are labeled with residue name and
number, intraresidue H5-H6 crosspeaks are labeled with residue number, and sequential NOE connectivities are indicated with horizontal arrows.
In (A), cross-peaks (a) to (c) are assigned as follows: a, L1.G7 H10-L1.A4 H2; b, L1.G5 H10-L1.G7 H8; c, L1.G7 H10-L1.G5 H8. The assignments of
the extrahelical L1.U6 residue are shown in red, and the discontinuous line indicates the absence of any signiﬁcant sequential interactions. In
(B), cross-peaks (a) to (f) are: a, G12.5 H10-L2.A1 H2; b, L2.U2 H10- L2.A1 H2; c, L2.U2 H10- L2.A6 H2; d, G12.5 H1’-L2.A6 H2; e, L2.U2
H1’- L2.A4 H8; f, L2.C5 H10-L2.A4 H2. The assignments of the terminal base pairs of I– and II+ (shown in green in Figure 1B) have been omitted
for clarity.
372 Nucleic Acids Research, 2009, Vol. 37, No. 2by 2D and 3D methods using unlabeled and
13C/
15N-labeled samples, domain II  by 2D methods
using unlabeled and
15N-labeled samples and domain
I+ by 2D methods using an unlabeled sample. To facil-
itate the NMR analyses, we focused on a smaller version
of domain II  in which the corresponding helix was short-
ened, after verifying that this artiﬁcial ribozyme retained
most of the catalytic activity of its wild-type counterpart
(Figure 1A).
Three-dimensional structure of domain I ofthe CChMVd
(–)hammerhead
Twenty-nine converged structures with low total and
restraint-violation energies compose the conformational
ensemble representing the solution structure of domain
I  (Figure 3A and Table 1). This domain forms a hairpin
capped by an apical UGAAGUG heptaloop (Figure 3B).
The ﬁrst residue of the heptaloop, L1.U1, establishes a
G:U wobble pair with L1.G7, as indicated by HNN-
COSY data (data not shown). These 2nt closing the
loop adopt standard C30-endo anti conformations, and
are connected by sequential interactions with their neigh-
bor nucleotides in the stem (Figure 2A). In contrast, the
remaining loop nucleotides adopt C20-endo sugar confor-
mations and their glycosidic angles are in the high anti
range, as indicated by TOCSY, COSY and HCNCH
(23) data. L1.G2 is stacked on L1.U1 as revealed by
sequential NOE interactions, and its base is turned
towards the major groove side of the loop and located
opposite to L1.G5, with which it establishes a weak
L1.G2 amino to L1.G5 N7 hydrogen bond (Figure 3C).
The next two loop residues, L1.A3 and L1.A4, make the
backbone turn of the loop and their bases are located at
opposite sides of the loop. L1.A3 is on top of the loop,
with its sugar partially stacked on the L1.A4 base and its
base located in the major groove above L1.G2; L1.A4 is
located in the minor groove below L1.A3, with both its
sugar and base partially stacked on the L1.G5 base. Like
the L1.A4 base, the L1.G5 base is turned toward the
minor groove of the loop, leaving its Hoogsteen edge in
the vicinity of the L1.G2 amino group (Figure 3C). L1.U6
is outside the helix and in the major groove of the loop,
allowing the L1.G5 base to partially stack on the L1.G7
nucleotide closing the heptaloop (Figure 3B and C). This
is supported by weaker or absent sequential NOEs
between L1.U6 and its neighbors, and by the observation
of NOE contacts between L1.G5 and L1.G7 (Figure 2A,
peaks b and c).
Overall, the UGAAGUG heptaloop of domain
I  forms a fairly compact although rather open structure
stabilized by both base–base and base–sugar hydrogen-
bonding and stacking interactions. The lower part of the
loop contains two noncanonical L1.U1:G7 and L1.G2:G5
base pairs that stack on each other, looping out the penul-
timate L1.U6 nucleotide (Figure 3B and C). The U:G and
G:G base pairing interactions force the Watson–Crick
edges of L1.U1 and L1.G2 to face the major groove, as
also do the L1.A3 base and the L1.U6 nucleotide. In con-
trast, the L1.G7 and L1.G5 bases, together with L1.A4,
are oriented toward the minor groove of the loop
(Figure 3B and C).
The NMRspectra of domainI of theCChMVd (+)
hammerhead showthat loop 1isstructurally conserved
inboth hammerheads
Since domains I of the two CChMVd hammerheads show
high sequence identity (16) (Figure 1), we next examined
whether the structure of loops 1 is also conserved. The
NMR data indicated that hairpin I+ is capped by an
apical UGACGUC heptaloop structurally similar to the
UGAAGUG apical loop of domain I . This conclusion
is supported by related chemical shift, TOCSY and NOE
patterns (Supplementary Figure S1) indicating that the
stacking and pairing of nucleotides are similar in both
loops, and that L1.U6 of domain I+ also holds an extra-
helical location.
Natural sequence variability correlates withthe structural
orientation of residues in loop1
Sequence comparisons of numerous natural CChMVd
variants (16,26,27) show that nucleotides L1.U1 and
L1.U6 of the heptaloop capping domain I+ are strictly
conserved, with the sequence variability mapping predo-
minantly at positions L1.4 and L1.7 (Figure 1C). This
conservation pattern is correlated with the orientation of
residues observed in the three-dimensional structure of
domain I  (Figure 3C), for which essentially no sequence
variability has been reported: residues facing the major
groove of the heptaloop, where the presumed contacts
with domain II take place, are signiﬁcantly more con-
served than residues facing the minor groove.
The first and theextrahelical Uresidues ofdomain I have a
strongimpact on catalytic activity
The ﬁrst L1.U1 and penultimate L1.U6 nucleotides of
loop 1 are strictly conserved (Figure 1C), and face the
major groove side of domain I  (Figure 3C). The avail-
able crystallographic data indicate that tertiary contacts
between loops 1 and 2 are established through the major
groove (12,13). To determine whether these nucleotides
play a signiﬁcant role on loops 1–2 interactions, we
tested the eﬀects of mutations on the self-cleavage activity
of the CChMVd (+) and (–) hammerheads in vitro. The
four possible mutations of L1.U6 in the (–) hammerhead,
L1(–).U6A, L1(–).U6G, L1(–).U6C and L1(–).U6,
caused a reduction of the catalytic constant of one to
two orders of magnitude (Table 2). The two purine
mutants were particularly detrimental, with L1(–).U6A
almost eliminating the catalytic activity of the ribozyme.
In the (+) hammerhead, the same L1(+).U6A mutant
caused a similar reduction in the self-cleavage rate.
Mutation of L1.U1 also caused a large eﬀect on ribozyme
activity in both polarities, as also did both L1.G2A
mutants. In contrast, the L1(–).A4G mutation, involving
one of the residues facing the minor groove, did not aﬀect
signiﬁcantly the self-cleavage rate constant (Table 2).
Nucleic Acids Research,2009, Vol. 37,No. 2 373Figure 3. Three-dimensional structures of domains I– and II+ of the CChMVd hammerheads determined by NMR spectroscopy. In (A)–(C)
domain I  structures are shown on the right, seen from the major groove of loop 1, and domain II+ structures are shown on the left,
seen from the minor groove of loop 2. (A) View of the superimposed 33 and 29 converged structures of domains II+ and I–, respectively.
(B) View of converged structures of domains II+ and I–. (C) Close view of the AUGACA hexaloop 2 and UGAAGUG heptaloop 1. In
(B) and (C) the carbon atoms of L1.U1, L1.G2 and L1.U6 (domain I–) and L2.A1 and L2.A6 (domain II+) are colored in blue and
yellow, respectively, those of other loop nucleotides in orange, and those of stem residues in gray. In (A) and (B), hydrogen atoms have been
omitted for clarity.
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forviroid replication
To further assess the role of the extrahelical L1.U6 nucleo-
tide in vivo, we inoculated chrysanthemum plants with
full-length CChMVd RNAs containing each of the four
mutations of the CChMVd (–) L1.U6 residue. The eﬀects
of these mutations on viroid replication were noteworthy
in all cases (Table 3): plants inoculated with L1.U6A and
L1.U6i RNAs did not express symptoms, and northern-
blot hybridizations with a speciﬁc riboprobe failed to
detect the viroid RNA, whereas plants inoculated with
L1.U6G and L1.U6C RNAs showed a delay in symptom
expression with respect to the wild-type RNA; these plants
did contain CChMVd RNA, but RT-PCR ampliﬁcation,
cloning and sequencing revealed that both mutations had
reverted to the original L1.U6 in the resulting progeny.
These results are consistent with L1.U6 playing a critical
role in the catalytic activity of the hammerhead although,
given the high informational density of viroid RNAs, the
involvement of this residue in critical function(s) other
than self-cleavage cannot be excluded (17).
Solutionstructure of domainII of theCChMVd (+) and
( )hammerheads
To get further insights on how the conserved heptaloop of
domain I interacts with domain II, we have also analyzed
the solution structure of domains II+ and II  by NMR
spectroscopy. The NMR data show that domain
II  forms a hairpin capped by a GAAA tetraloop and
containing an asymmetric 2:6 GU:CGCACA internal
loop 2, as depicted in Figure 1B. Broadening of the inter-
nal loop resonances (Supplementary Figure S2) indicated
that this loop exchanges between two or more conforma-
tions in solution, and prevented detailed NMR analyses of
this domain. In contrast, domain II+ forms a more stable
hairpin closed by an apical AUGACA hexaloop. The
solution conformation of hairpin II+ is represented by
33 structures with very low total- and restraint- violation
energies (Figure 3A; Table 1). All six loop nucleotides are
predominantly anti and C30-endo, with the exception of
L2.G3 that is mostly C20-endo and, strikingly, none is
base-paired. L2.A6 is intercalated between L2.A1, which
is stacked on the adjacent C11.5:G12.5 stem pair, and L2.U2
(Figure 3B and C). This is clearly indicated by the relative
intensities of the NOEs between the L2.A1 and L2.A6
H2s and the H10 protons of G12.5 and L1.U2
(Figure 2B, peaks a–d). L2.U2 and L2.C5 are located
relatively far from each other with their Watson–Crick
edges oriented towards the major and the minor groove
side of the loop, respectively, as revealed by a medium-
intensity L1.U2 H10-L2.C5 H5 NOE interaction (data not
shown). The loop backbone turns at the L2.U2-G3 step,
and the L2.A4 base is turned toward the minor groove
side of the loop and anchored to the L2.U2 sugar via
hydrogen bonds between the L2.U2 20OH and the N7
and exocyclic amino group of L2.A4 (Figure 3C); this
is supported by nonsequential NOEs between L2.U2 H10
and H20 sugar protons and L2.A4 H8 (Figure 2B, peak e).
In contrast, the positions of the next two loop nucleotides,
L2.C5 and L2.A6, are rather unstable: the sugar-
phosphate backbone undergoes a large change in orienta-
tion at the L2.C5-A6 step, and the stacking of both
the C5 sugar and base with the neighboring residues is
limited (Figure 3B and C), as indicated by broadening of
the L2.C5 resonances by conformational exchange
(Figure 2B) and by signiﬁcantly weakened or nonobserva-
ble sequential interactions between L2.C5 and its two
neighbors, L2.A4 and L2.A6 (Figure 2B). In addition,
intercalation of the L2.A6 base between L2.A1 and
L2.U2 leaves a signiﬁcant space between this nucleotide
and the C11.5:G12.5 stem pair, in front of the L2.A1 base.
This is supported by weakened L2.A6-G12.5 sequential
interactions (Figure 2B).
Overall, none of the loop nucleotides is base-paired, and
only the L2.U2 base is turned toward the major groove
side of the loop. The L2.G3, L2.A4, L2.C5 and L2.A6
bases are stacked on the 30-side of the loop and mostly
oriented toward the minor groove. A signiﬁcant change in
Table 2. Self-cleavage rate constants of the wild-type CChMVd ( )
and (+) hammerheads and some single and double mutants
Variant kobs (min
 1)
( ) Wild-type 2.58 0.11
II
a 2.36 0.28
L1.U6A
a 0.05 0.01
L1.U6G
a 0.16 0.02
L1.U6C
a 0.38 0.06
L1.U6
a 0.34 0.05
L1.A4G
a 2.25 0.41
L1.U1A
a 0.13 0.02
IL2.A8U
a 0.066 0.002
L1.U1A/IL2.A8U
a 1.09 0.07
L1.G2A
a 0.90 0.19
IL2.C7U
a 0.59 0.01
L1.G2A/IL2.C7U
a 0.84 0.04
(+) Wild-type 3.33 0.80
L1.U6A 0.049 0.014
L1.U1C 0.91 0.08
L2.A6G 2.76 0.72
L1.U1C/L2.A6G 0.042 0.003
L1.G2A 0.79 0.09
L2.C5U 2.18 0.16
L1.G2A/L2.C5U 0.28 0.07
Single mutants with kobs 0.1min
 1 are shown in bold.
aSmaller version of the ( ) hammerhead in which the domain II helix
was shortened (Figure 1A).
Table 3. Bioassay of CChMVd RNAs with mutations aﬀecting the
L1.U6 residue of the ( ) hammerhead
Mutant Symptoms
a Hybridization Progeny
Wild-type 8/8 (4/4+4/4) Yes
L1.U6A 0/8 (0/4+0/4) No NA
b
L1.U6G 6/8 (2/4+4/4) Yes Reversion
L1.U6C 8/8 (4/4+4/4) Yes Reversion
L1.U6 0/8 (0/4+0/4) No NA
aNumber of plants with symptoms with respect to those inoculated in
two independent experiments with four plants each.
bNot applicable.
Nucleic Acids Research,2009, Vol. 37,No. 2 375orientation occurs for the L2.A6, L2.C5 and L2.A4 back-
bone relative to the double-helical stem, brought about by
the simultaneous unwinding and opening toward the
minor groove of these nucleotides. This backbone confor-
mation is accommodated by trans g angles in the L2.A6
and G12.5 nucleotides closing the 30-end of the loop, and is
stabilized by hydrogen bonding between the L2.U2 sugar
and the Hoogsteen edge of the L2.A4 base. Due to this
backbone conformation and to L2.A6 intercalation
between L2.A1 and L2.U2, the L2.C5 and L2.A6 bases
are solvent-exposed and/or exhibit weak stacking interac-
tions with their neighbors (Figure 3B and C).
The conservedR:A opposition atthe bottomof loop2is
essentialfor thecatalytic activity of CChMVdhammerheads
The last two C and A nucleotides of loops 2 are strictly
conserved in CChMVd (+) (L2, AUGACA) and (–) (IL2,
GU:CGCACA) hammerheads, whereastheﬁrst isalwaysa
purine (Figure 1C). We have tested how mutations in these
residues modulate the catalytic activity of the CChMVd
hammerheads. Self-cleavage was almost abolished in the
IL2(–).A8U mutant (Table 2), in which impairment of
the 50-R:30-A opposition most likely produces major
changes in the structure of loop 2 (see above). In contrast,
substitution of the penultimate C residue by U caused
smaller eﬀects on the catalytic activity of both ribozymes,
as also did the conservative L2(+).A6G substitution.
Comparative analysesindicate that the three-dimensional
structuresof loops 1and 2areconserved in asignificant
fraction ofnatural hammerheads
Loop 1. In the CChMVd (+) and (–) hammerheads, loop
1 contains an extrahelical L1.U6 nucleotide, and L1.U1,
L1.G2 and L1.U6 face the major groove in the three-
dimensional structure of domain I  (Figure 3C). A com-
parative analysis of 27 natural hammerheads (4) reveals
that 17 conform in sequence to a conserved UNmYN loop
1 motif, where Y is a pyrimidine and m is usually 3 or 4 in
apical loops (Figure 4). The closest relatives to CChMVd
hammerheads are those of the (+) strands of sTRSV and
the satellite RNA of lucerne transient streak virus
(sLTSV), in which loop 1 is also a heptaloop with
L1.U1, L1.G2 and L1.U6 residues (Figure 4A). Some
hammerheads with loops 1 of more than seven nucleo-
tides, like those of Arabidopsis thaliana and the (–)
strand of sLTSV also match the conserved motif, as
does the UGGUG pentaloop of the hammerhead of the
(–) strand of the carnation small viroid-like RNA (CarSV)
and the internal loop of the cave cricket hammerhead
(Figure 4). However, the most common form of loops 1
are UN3YN hairpin hexaloops, which also match the loop
1 motif and are present in nine natural hammerheads
(Figure 4B). The structure of these loops is unknown,
but a SCOR (28) search revealed that, in the sequence-
related 23S rRNA UCAAUG (29) and 16S rRNA
UUAAUU, UUAACU and UUAAAU (30), UCAAUU
(31) and UUAAGU (32) hexaloops, the 50 U faces the
major groove and the penultimate residue (equivalent to
L1.U6 in heptaloops) is always located outside the helix
and in the major groove side of the loop. Indeed, these
hexaloops superpose quite well with the CChMVd (–)
UGAAGUG heptaloop (Figure 5A).
Loop 2. In the CChMVd (+) hammerhead, loop 2 is an
AUGACA hexaloop, where L2.A6 is stacked on L2.A1,
and L2.A4, L2.C5 and L2.A6 are partially opened toward
the minor groove (Figure 3B and C); in the CChMVd (–)
hammerhead, loop 2 is replaced by a GU:CGCACA inter-
nal loop. An analysis of the 27 natural hammerheads
reveals that 22 match a conserved purine-rich RNnA
loop 2 motif, where the 50 residue is a purine, the 30 residue
is A, and n is usually 2 or 4 in apical loops (Figure 4). The
hexaloops contained in the sLTSV (–), Arabidopsis and
cave cricket hammerheads are very similar in sequence
to the AUGACA loop of CChMVd (+), but the most
common loops 2 are GNRA and AAAA apical tetraloops
(n=2), which are present in 12 hammerheads (Figure 4).
The structure of the AAAA tetraloop is unknown, but
GNRA tetraloops form the most abundant family of
RNA hairpin loops (28). Strikingly, there is high similarity
between the three-dimensional structures of GNRA tetra-
loops and the CChMVd (+) AUGACA hexaloop, which
superpose quite well (Figure 5B). In GNRA loops, the
2-amino and 20-OH groups of L2.G1 are hydrogen-
bonded to the L2.A4 phosphate and to the Hoogsteen
edge of the preceding L2.R3, respectively. These interac-
tions promote opening of L2.R3 and L2.A4 toward the
minor groove, resembling the situation observed in the
AUGACA hexaloop where the opening of L2.C5 and
L2.A6 is accommodated with similar backbone angles
and stabilized by hydrogen bonds between the L2.U2
20OH sugar and the Hoogsteen edge of L2.A4. GNRA
tetraloops commonly establish tertiary interactions
through the minor groove, using the three exposed residues
of their 30-side (24,33,34). However, since interactions
between hammerhead domains I and II occur through the
major groove (12,13), a conformational change involving
the loop 2nucleotides is likely coupled to the loop–loop
interaction (see below).
In summary, of the 27 natural hammerheads, 16 match
both loop sequence motifs, seven match either loop 1 or
loop 2 motif, three show partial matches and only the ham-
merhead of the (+) strand of avocado sunblotch viroid
(ASBVd) does not show any match to either sequence
motif (Figure 4). Although the sequence motifs are not
always matched, sequence conservation is not the only
requirement for function in the context of the interactions
between the globular loop structures studied here, which
are quite diﬀerent from the interactions between linear
strandspredominantlystabilizedbycanonicalbasepairing.
Loops with diﬀerent sequence and length can superpose
closely in space (Figure 5), and diﬀerent nucleotides can
give rise to equivalent noncanonical base-base interactions
(35). Indeed, conserved three-dimensional structure rather
than sequence has been shown to often determine RNA
function (36). In this respect, L1.U1 of 23S rRNA UAA
triloops—which are similar to loops 1 of peach latent
mosaic viroid (PLMVd) hammerheads not matching the
proposed sequence motifs (Figure 4C)—faces the major
groove side of the loop (37), whereas the last A of
376 Nucleic Acids Research, 2009, Vol. 37, No. 2Figure 4. Sequence and secondary structure comparative analysis of loops 1 and 2 in natural hammerheads. In (A–D), secondary structures of all
known 27 natural hammerheads are organized according to loop 1 type: (A) heptaloops; (B) hexaloops; (C) other apical loops; (D) internal loops.
Nucleotides matching the UNmYN loop 1 and RNnA loop 2 conserved motifs are color-coded as indicated in scheme (E). Arrows in the ﬁrst
hammerhead indicate strand orientation. In (B), ﬁve UN3UA hexaloops were considered to match the UNmYN motif because U:A and U:G pairs
are isosteric (35) and the U:A opposition closing the loop may not form a base-pair, as observed in the UUUAGA and UGAAA loops contained in
PDB structures 1NBS (39) and 1NJP (29), respectively. In (D), pyrimidine residues located at the last rather than at the penultimate position of
internal loop 1 are green-colored.
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heads—is turned toward the minor groove, exposed and
highly mobile (38). Likewise, the internal loops of the
Schistosoma, ASBVd (–) and CarSV (+) hammerheads
do not match the loop 1 motif either (Figure 4D). How-
ever, in the X-ray structure of the Schistosoma hammer-
head the backbone of internal loop 1 forms an elbow at the
IL1.C8 pyrimidine nucleotide (shown in green in
Figure 4D). This residue is extrahelical and protrudes
from the major groove of domain I into the CAAAUA
loop 2, where the 30 A is also turned toward the minor
groove (12). A superposition of domains I of the Schisto-
soma and CChMVd ( ) hammerheads reveals that, despite
the sequence, length and topology diﬀerences between the
two loops, the extrahelical CChMVd L1.U6 and Schisto-
soma IL1.C8 residues are close in space and induce similar
backbone kinks (Figure 5C). Furthermore, the CChMVd
(+) and (–) hammerheads, both matching the proposed
sequence motifs, share with the atypical Schistosoma ham-
merhead a similar tertiary interaction motif embedded
within their loop–loop complexes (see below).
Aloop–loopinteraction motif shared by most
naturalhammerheads
The structures of CChMVd domains I  and II+
(Figure 3) and NMR analyses of domains I+ and
II  (Supplementary Figures S1 and S2), together with
the eﬀects of site-directed mutagenesis (Table 2), sequence
and structure conservation patterns of natural hammer-
heads (Figures 4 and 5), and crystal structures of the
Schistosoma (12) and sTRSV (+) (13) hammerheads, indi-
cate that the contacts between loops 1 and 2 of most
natural hammerheads take place across the major
groove, and that they present two distinctive features rele-
vant for hammerhead function: (i) turning of the 30 Ao f
loop 2 to establish a base-pair with the 50 U of loop 1 and
(ii) interaction of the extrahelical pyrimidine residue of
loop 1 with the 30-side of loop 2 (Figure 6).
A reverse Hoogsteen pair between the 30 A of loop 2 and
the 50 U of loop 1 is observed in the X-ray structures of the
Schistosoma and sTRSV (+) hammerheads (12,13)
(Figure 6A and B), which contain highly dissimilar loops
(Figure 4). This base pair is also supported by our muta-
genesis analysis of the CChMVd (+) and (–) hammer-
heads (Table 2). We evaluated possible base-pair
interactions between L1.U1 and L2.A6/IL2.A8, and
L1.G2 and L2.C5/IL2.C7 by designing two double
mutants for each polarity and comparing their eﬀects
with the corresponding single mutants. Partial restoration
of the catalytic activity by L1(–).U1A/IL2(–).A8U indi-
cated a direct base-pair interaction between L1.U1 and
the 30 A of loop 2. The other double mutants did not
support Watson–Crick interactions between L1.U1 and
A
B
C
Figure 5. Three-dimensional structure conservation of loops 1 and 2 in natural hammerheads. (A) Superposition of the UGAAGUG CChMVd(–)
heptaloop 1 with a U1C2A3A4U5G6 hexaloop from 23S rRNA (PDB code 1NJP) (29). UCAAUG-related hexaloops are the most frequently found
loop 1 class of natural hammerheads (Figure 4B). (B) Superposition of the AUGACA CChMVd(+) hexaloop 2 (yellow) with a G1A2A3A4 tetraloop
(orange). GNRA tetraloops are the most frequently found loop 2 class of natural hammerheads (Figure 4A–D). (C) Superposition of the
UGAAGUG CChMVd(–) heptaloop 1 with the Schistosoma mansoni hammerhead U1C2C3A4:G5U6A7C8 internal loop 1 (12). In (A) and (C) the
carbon atoms of the UGAAGUG heptaloop are blue-colored, whereas those of the two other loops are green and adjacent stem residues are grey.
Superpositions (A–C) show that RNA loops with diﬀerent sequence and topology, including those that do not match the conserved sequence motifs
shown in Figure 4E, adopt conserved structures containing key 3D features: an exposed U1 and an extrahelical pyrimidine at the 50 side and 30 side
of the major groove of loop 1, respectively, and an unpaired A at the 30 side of loop 2.
378 Nucleic Acids Research, 2009, Vol. 37, No. 2L2.A6/IL2.A8 or L1.G2 and L2.C5/IL2.C7. Altogether,
the eﬀects of single and double mutants (Table 2) were
consistent with a reverse Hoogsteen pair between L1.U1
and L2.A6/IL2.A8, and with intercalation of L2.C5/
IL2.C7 between L1.U1 and L1.G2 to interact with the
L1.U1 sugar (Figure 6C).
The observed base-pairing between the 30 A of loop 2
and L1.U1 partly explains the sequence conservation
patterns: these two nucleotides are strictly conserved in
the CChMVd (+) and (–) hammerheads (Figure 1C),
and are part of the UNmYN loop 1 and RNnA loop 2
motifs conserved in other natural hammerheads
(Figure 4). Furthermore, the 50-R:30-A opposition at the
bottom of loop 2 [or some alternative unstable pairing
involving the 30 A, like the C:A opposition in the
Schistosoma and sRPV (+) hammerheads, see Figure 4],
may facilitate the opening of the 30 A to pair with L1.U1
across the major groove (Figure 6). In agreement with this
view, mutations disrupting the L2.R1:L2.A6/IL2.A8
opposition, like IL2(–).A8U, or aﬀecting the 50 Uo f
loop 1, such as L1(–).U1A, caused major detrimental
eﬀects on the catalytic activity of the CChMVd hammer-
heads (Table 2). In contrast, more conservative changes,
like L2(+).A6G or L1(+).U1C, produced smaller
(but still signiﬁcant) eﬀects, as did mutations aﬀecting
the C preceding L2.A6/IL2.A8 in loop 2 and the G follow-
ing L1.U1 in loop 1 (Table 2).
In the sTRSV (+) hammerhead, loop 1 is a
UGUGCUU heptaloop related to loops 1 of the
CChMVd (+) and (–) hammerheads and matching the
UNmYN motif, and loop 2 is a GUGA tetraloop match-
ing the RNnA motif (Figure 4A). In the recently published
X-ray structure of this hammerhead, the penultimate U of
loop 1 (L1.U6) establishes a Watson–Crick pair with the 30
A of loop 2, giving rise to a base triple formed by these
2nt and L1.U1 (13) (Figure 6B). L1.U6 holds an extra-
helical location in the undocked loop 1 of both CChMVd
(+) and (–) hammerheads (Figure 3 and Supplementary
Figure S1). Our mutagenesis data indicate that this
nucleotide plays a major role on catalysis, supporting an
interaction (Figure 6C) analogous to that observed in the
sTRSV hammerhead X-ray structure: the L1.U6A mutant
(which would impede pairing with the 30 A of loop 2)
almost abolished self-cleavage in the CChMVd hammer-
heads (Table 2) and completely blocked viroid replication
in vivo (Table 3), with the L1(–).U6G mutant, and to a
lesser extent L1(–).U6 and L1(–).U6C, also diminishing
signiﬁcantly the catalytic activity. The contacts involving
the penultimate U of loop 1 explain the remaining
sequence conservation patterns: this nucleotide is strictly
A
B
C
L1.U1
L1.U1 
IL1.U1
L2.A4
L2.A6
L2.A6
L1.U6
L1.U6
IL1.C8
Figure 6. Loop 1–loop 2 complexes in natural hammerhead ribozymes. (A) and (B) are from the crystallographic structures of the Schistosoma (12)
and sTRSV (+) hammerheads, respectively, and (C) is from a mutagenesis-supported model of the CChMVd (+) hammerhead (Materials and
methods section). The views are from the minor groove of domain II and the major groove of domain I. The carbon atoms of loop 1 nucleotides are
in blue, those of loop 2 in orange, and stem nucleotides in gray. The highlighted (green- and yellow-colored carbon atoms) contacts between IL1.U1,
IL1.C8 and L2.A6 (A), L1.U1, L1.U6 and L2.A4 (B) and L1.U1, L1.U6, and L2.A6 (C) form the proposed tertiary interaction motif likely conserved
in most natural hammerheads. Hydrogen atoms have been omitted for clarity.
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merhead (Figure 1C), and is also part of the UNmYN
loop 1 motif conserved in other natural hammerheads
(Figure 4).
Since loops 1 of the sTRSV (+) and CChMVd (+) and
(–) hammerheads are related, and the undocked conforma-
tions of the sTRSV (+) GUGA and CChMVd (+)
AUGACA loops 2 are similar (Figure 5B), we can have a
glimpse of loops 1 and 2 before and after the loop–loop
docking interaction by comparing the isolated CChMVd
loop structures (Figures 3 and 5) with the bound loop
structures in the sTRSV (+) crystal (13) (Figure 6B) and
in the CChMVd (+) mutagenesis-supported model
(Figure 6C). The U1 and unpaired U6 residues of loop 1
face the major groove in the undocked loop structures
(Figures 3, and 5A and C), and form a base triple across
the major groove with the 30A of loop 2 in the loop–loop
complexes (Figure 6B and C). The last two residues of the
undocked GNRA and AUGACA loops 2 are dynamic
and/or partially opened towards the minor groove
(Figures 3 and 5B). These two residues turn further
toward the minor groove in the loop–loop complexes, so
that the 30A pairs with L1.U1, and the preceding base pro-
trudes into the rather open loop 1 structure (Figure 3),
intercalating between L1.U1 and L1.G2 (Figure 6).
A previous mutagenesis analysis of the sTRSV (+)
hammerhead (11) provides further support for the struc-
tural conservation of loops 1 and 2 among natural
hammerheads and for the importance of the proposed
loop–loop interaction motif. In a series of 11 mutants
substituting each of the residues of loops 1 and 2 with
C, mutations aﬀecting L1.U6, L1.U1 and L1.G4 of loop
1, and L2.A4, L2.G3 and L2.G1 of loop 2, produced the
greatest reductions in self-cleavage activity, while the
L1.C5, L1.U7 and L2.U2 mutations, compatible with
the consensus structures of loops 1 and 2, increased the
activity (11). In agreement with these ﬁndings, L1.U1,
L1.U6, L2.G1, L2.G3 and L2.A4 would either be required
for maintaining the appropriate undocked conformations
of the loops (Figure 5A and B), or directly involved in key
tertiary interactions (13) (Figure 6B).
In the Schistosoma hammerhead the consensus motifs
are only partly matched, and the 30 pyrimidine of internal
loop 1 (IL1.C8) occupies the last rather than the penulti-
mate position of the loop, as in the ASBVd (–) and CarSV
(+) hammerheads (see green-colored residues in
Figure 4D). Nevertheless, this pyrimidine is extrahelical
and holds a position similar to L1.U6 in the undocked
CChMVd (–) loop 1 (Figure 5C). In the crystal structure,
IL1.C8 protrudes into loop 2, stacking on stem II in front
of L2.C1 (12), and facilitating the displacement of the 30 A
of loop 2 to pair across the major groove with L1.U1
(Figure 6A).
Although induced-ﬁt eﬀects occur upon the establish-
ment of the loop–loop tertiary contacts, a number of
essential structural and dynamic features are present in
the undocked domains of the CChMVd (+) and (–) ham-
merheads. They include the extrahelical location of L1.U6
and the availability of the Watson–Crick edge of L1.U1 in
the major groove of loop 1, together with the partial open-
ing and ﬂexibility of the last 2nt of loop 2 (Figure 3C).
These structural signatures are conserved (Figures 4 and
5), thus highlighting the relevance of the undocked loop
conformations in triggering the loop–loop contact motif
that probably leads to the adoption of a functional con-
formation by the hammerhead. This motif is consistent
with our mutagenesis analysis of the CChMVd (+) and
(–) hammerheads (Table 2) and with a previous mutagen-
esis study of the sTRSV (+) hammerhead (11); it has been
observed in the X-ray structures of the Schistosoma (12)
and sTRSV (+) (13) hammerheads, and is likely shared by
a signiﬁcant fraction of the natural hammerheads.
CONCLUSIONS
We have characterized two novel hairpin loop RNA struc-
tures, an UGAAGUG heptaloop and an AUGACA hex-
aloop that cap domains I and II of the hammerheads
embedded in the CChMVd (–) and (+) strands, respec-
tively. Analysis of these rather unusual structures has led
us to identify loop 1 and 2 three-dimensional foldings that
are presumably conserved in a large fraction of natural
hammerheads: loop 1 contains an exposed U in its
50-side and an extrahelical pyrimidine in its 30-side, while
loop 2 has an unpaired and opened A in its 30-side.
Mutations that disrupt the loop shapes or modify the
identity of these nucleotides have strong eﬀects on the
catalytic activity of the ribozyme in vitro and on the infec-
tivity of the viroid in vivo. The results presented here pro-
vide new structural insights on how natural hammerheads
operate and may help to enhance loop–loop interactions
in artiﬁcial trans-acting hammerheads designed against
speciﬁc RNAs.
Coordinates
The coordinates of domains I  and II+ have been depos-
ited in the Protein Data Bank (accession codes 2RO2 and
2RPK, respectively).
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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